Aims Post-infarction risk stratification can be ascertained from beat-to-beat variations in ventricular late potentials. However, gaining such information by conventional late potential analysis using signal averaging is still not possible.
Introduction
Late potentials are considered a prognostic parameter for arrhythmias in the chronic phase after myocardial infarction [1] [2] [3] . However, they are better indicators for the development of monomorphic sustained ventricular tachycardia than for ventricular fibrillation [4] [5] [6] . Improved therapeutic strategies after myocardial infarction have reduced the incidence of life threatening ventricular arrhythmias, whereas the percentage of patients with ventricular fibrillation, either leading to sudden cardiac death or from which the patient is successfully resuscitated, has increased [7] . Detection of beat-to-beat dynamic changes of late potentials, which may occur spontaneously [8] or during various diagnostic and therapeutic interventions [9, 10] , is thought to aid in identifying patients after myocardial infarction prone to ventricular fibrillation. Up to now, in clinical practice, signal averaging has faced problems of noise and artifacts [11] [12] [13] [14] . The prerequisite of signal averaging is stable beat-tobeat late potentials. Single beat recordings using high resolution electrocardiography have shown that this stability is often not existent [15] [16] [17] [18] . Thus, the use of signal averaging eliminates dynamic changes in late potentials in most cases. Vector analysis in the time domain [1] , a widely used method, is not applicable for the analysis of single beats, firstly because it has been defined as an averaging technique and secondly because the parameters are very sensitive to noise and signal-to-noise differentiation is difficult. Improvements, such as sophisticated amplifiers, filters or Faraday cages were not able to overcome these limitations. Spectrotemporal mapping with fast Fourier transform, an alternative method of late potential analysis, has been developed to improve signal-to-noise differentiation after signal averaging [19, 20] . However, it needs to be refined for single beat recordings of late potentials.
We therefore describe a new method, that increases the signal-to-noise ratio. This method was retrospectively tested for its ability to differentiate patients with a history of ventricular tachycardia and those with ventricular fibrillation from those without arrhythmic events after myocardial infarction.
Methods
The data analysis scheme is depicted in Fig. 1 .
Data acquisition
Three bipolar, orthogonal leads (X=the fourth intercostal space in the right and left mid-axillary line; Y=the first and fifth intercostal space in the left mid-clavicular line; Z=the third intercostal space, anterior and posterior) were recorded simultaneously. We used special low-noise amplifiers and employed an analog Butterworth filter with a passband of 0 to 300 Hz and a transition slope of 24 dB/octave. The skin was carefully cleaned with gasoline and acetone to achieve an electrode impedance <5 kOhm and the cables were well isolated and short. Twisting the recording cables reduced magnetic interference. We placed special emphasis on proper grounding and good contact of the skinelectrode interface by using solid gel electrodes. Diazepam at a dosage of 2-5 mg was administered 10 min before recording in order to minimize disturbances produced by muscle activity. The patients were instructed to completely relax, and were provided with a warm comfortable bed. A sequence of 5 min was recorded for each patient; no specially shielded rooms or Faraday cages were employed. The noise level in each single beat in each lead was calculated by the method of signal variance [21] . Only recordings with a maximum noise level of less than 5 V were accepted, otherwise the recording procedure was repeated.
Analog-digital conversion was performed with 16 bits accuracy at a sampling rate of 1000 Hz. Digitized data were analysed with a Siemens Pentium PCE-5S computer using software developed in BASIC and C. 
End of QRS complex
The end of the QRS complex was determined using the spatial vector velocity:
, y N , y N+1 , z N , z N+1 , are consecutive samples in lead X, Y and Z).
The minimum vector velocity in a time segment (size 50 ms) covering the terminal QRS complex and early ST segment was determined. The segment was then centred to this minimum (segment A). From each sample of segment A, 5 V were subtracted (segment B). The minimum of the cross-correlation function of segment A and segment B defined the end of the QRS complex [20] .
Late potential analysis after signal averaging
As a reference, signal averaging to achieve a noise level of 0·4 V was performed [22] . For this, a segment of 120 ms centred to the maximum of the QRS complex served as a template and QRS complexes that did not match the template with a 99% correlation coefficient were rejected automatically. Using vector analysis in the time domain according to the Simson method with a 40 Hz high pass filter (excluding patients with complete bundle branch block), a patient was defined as late-potential positive if two of the following criteria were fulfilled: the filtered QRS duration (fQRS) was >114 ms, the root-mean square (RMS) voltage of the last 40 ms of the filtered QRS complex was <20 V, the duration of the low amplitude signals <40 V of the terminal filtered QRS complex was >38 ms [1, 23] (Fig. 2 , upper left panel). As a reference, spectrotemporal mapping with fast Fourier transform was used as described previously [19, 24] . Briefly, the QRS complex and the ST segment were divided into segments of 80 ms each. The first segment started within the ST segment far outside the QRS complex; subsequent segments started progressively earlier in steps of 1 ms. The frequency content was calculated by fast Fourier transform in each segment and the resulting power spectra were combined to a matrix plot, the spectrotemporal maps. Thus, late Calculation of a normality factor enabled quantitative analysis: the normality factor was the mean of the correlation coefficient of 15 segments (the first starting 10 ms before the end of the QRS complex) at the end of the QRS complex, divided by the mean of the correlation coefficient of 15 segments (the first starting 50 ms after the end of the QRS complex) far outside the QRS complex in the ST segment, multiplied by 100. The segments used to calculate the normality factor are indicated by two lines in the lower left panel in Fig. 2 . Spectrotemporal mapping with fast Fourier transform was performed in each lead and was defined as abnormal, if the normality factor was less than 50% at least in one lead, using the frequency range from 60 to 160 Hz [19, 24] .
Beat-to-beat late potential analysis with the spectrotemporal pattern recognition algorithm (SPRA)
Although spectrotemporal mapping with fast Fourier transform is able to distinguish late potentials from noise in the signal-averaged surface electrocardiogram, in single beat recordings late potentials can neither be identified within the root mean square voltage nor within the spectrotemporal maps ( Fig. 2 , right panels).
The two-dimensional correlation [25] is a helpful tool to detect small two-dimensional details within the large two-dimensional whole, for example picture details within a large photograph [26] . The underlying algorithm is depicted in Fig. 3 . Thus, the basic idea of the spectrotemporal pattern recognition algorithm is to find the spectral pattern typical of late potentials as it is known from spectrotemporal maps after signal averaging (Fig. 2 , lower left panel, arrow) in the spectrotemporal maps of single beat recordings (Fig. 2 , lower right panel) using the algorithm of the two-dimensional correlation. This typical spectral pattern of late potentials serves as a template (Fig. 4,  top) , that can be identified within the spectrotemporal map (Fig. 4, middle panels) . The template is shifted step by step in both spatial (step: 1 Hz, from 1 to 200 Hz) and temporal directions (step: 3 ms, from end of QRS to end of QRS +90 ms) over the spectrotemporal maps (Fig. 4 , middle panels). At each step the similarity (correlation factor) between the template and the corresponding part of the spectrotemporal map using the two-dimensional correlation is determined. Thus, a correlation factor of 0 signifies no similarity, while a correlation factor of 1 is defined as equality. At each step, the correlation factor is used to weight the spectral results of spectrotemporal mapping with fast Fourier transform by multiplication. Therefore, the unit of spectrotemporal pattern recognition algorithm is %dB, and the results of the spectrotemporal pattern recognition algorithm are shown in Fig. 4 in the lower panels. The spectrotemporal pattern recognition algorithm enhances the signal-to-noise ratio and allows the separation of 'late potentials' from monofrequent (line interference) (Fig. 4 , left panels) and multifrequent disturbances (noise) (Fig. 4, right panels) .
After analysis by the spectrotemporal pattern recognition algorithm, the single beat late potential index was separately calculated for each lead as the mean of the correlation coefficient of 10 consecutive segments at the end of the QRS complex (the first 
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starting at the end of the QRS complex) divided by the mean of the correlation coefficient of 10 consecutive segments (the first starting 50 ms after the end of the QRS complex) within the ST segment, multiplied by 100.
Qualitative single beat late potential analysis
Qualitative single beat late potential analysis in each patient was only performed in the one lead (out of three) with the lowest average late potential index within the 5 min recording period. Within the plots of the spectrotemporal pattern recognition algorithm the beginning and the end of late potentials, with respect to the end of the QRS were defined as the points that showed a 10% increase compared to the noise level. The actual localization of the late potential was the median segment between the start segment and the end segment. The frequency content of a late potential was given by the frequency content of the maximum of spectral peaks representing late potentials. Analysis of single beats was performed in a blinded way by at least two independent investigators who did not know the results of signal averaging.
Analysis of late potential beat-to-beat variabilities
The beat-to-beat variabilities of late potentials were quantified by the standard deviation of the mean frequency content and the mean localization in relation to the end of QRS, determined by the evaluation of 50 consecutive single beats with a late potential index <60%. Extrasystoles were eliminated before this process.
Statistics
All data were analysed using the Statistical Package for the Social Sciences [27] . All parametric data are given as mean standard deviation. For normally distributed continuous variables, groups were compared by Student's t-test, for non-parametric continuous variables the Mann-Whitney U-test and for categorical variables the Chi-square test were used. A P-level <0·05 was considered significant. The conformity of the results between two methods was estimated by the contingency coefficient.
Study patients
Group 1 consisted of 85 consecutive patients with documented, recurrent, sustained ventricular tachycardia which occurred within one year after myocardial infarction (age: 62 11 years, 70 men, 15 women). Ventricular tachycardia was inducible in 80 patients (94%) by programmed ventricular stimulation (one to three extrastimuli at basic rates of 100, 120, 150, 180 beats . min 1 ; impulse duration 2 ms; twice diastolic threshold; stimulation sites: right ventricular apex and septum; results classified according to Wellens et al. [28] ). Clinical data are shown in Table 1 ).
All 100 patients (age 58 11 years, 90 men, 10 women) in group 2 had been resuscitated from either ventricular fibrillation (n=74) or a sustained, haemodynamically deteriorating fast (>270 cycles per minute) and polymorphic ventricular tachycardia (n=26) in the chronic phase within the first year after myocardial infarction. In 78 patients (78%) the ventricular tachycardia was electrically inducible and are presented in Table 1 . In all patients included in this group the clinical arrhythmia was documented in at least one lead electrocardiogram.
Group 
Results

Representative examples
To illustrate the method, we compared one patient with and one without ventricular tachycardia after myocardial infarction. From single beats from both patients spectrotemporal mapping with fast Fourier transform could not verify whether late potentials were present or not (Fig. 5) . On the other hand, the improved signal-tonoise differentiation of the spectrotemporal pattern recognition algorithm was able to identify late potentials in the patient with ventricular tachycardia. Since in the patient without ventricular tachycardia the spectrotemporal pattern recognition algorithm was not able to detect patterns typical of late potentials within the spectrotemporal map, late potentials could be confidentially excluded. Frequency components affecting all segments could be attributed to noise.
Results after signal averaging
After signal averaging with vector analysis in the time domain, the Simson method and spectrotemporal mapping with fast Fourier transform late potentials could be found in 79% and 81% of patients who had a history of ventricular tachycardia (group 1) compared to only 48% and 50% of patients resuscitated from ventricular fibrillation or fast, polymorphic ventricular tachycardia (group 2). Corresponding figures for group 3 were 16% and 18%, while for group 4 they were 6% and 2%, respectively ( Table 2 ). The results in group 2 and 3 patients were not significantly different. The coefficient of contingency between the results of the Simson method and spectrotemporal mapping with fast Fourier transform after signal averaging in patients without bundle branch block was 88%.
Results of single beat analysis
By using the spectrotemporal pattern recognition algorithm, the averaged late potential index in all single beats (using the lead with the lowest average late potential index in each patient within the 5 min recording period) was 38 22% in group 1, 49 12% in group 2, 74 11% in group 3 and 82 14% in group 4. Thus, an averaged late potential index <60% was able to identify late potentials within the spectrotemporal maps of single beats in 89% of patients with ventricular tachycardia (rate <270 cycles per min) (group 1) and in 79% of patients with ventricular fibrillation or fast, polymorphic ventricular tachycardia (group 2). Only 22% of patients without ventricular arrhythmias (group 3) and only 4% of normals (group 4) had an averaged late potential index <60% in single beats. The results in groups 1 and group 2 were significantly different compared to groups 3 and 4.
Localization and frequency content of late potentials in single beats
Qualitative single beat late potential analysis revealed that high frequency components corresponding to late potentials in patients with slow and monomorphic ventricular tachycardia in group 1 were longer and therefore reached segments further from the QRS complex than in the other patients. The frequency content of late potentials was the highest in patients with ventricular fibrillation (Table 2) .
Beat-to-beat variability of late potentials
Continued analysis of late potentials throughout 50 consecutive single beats showed variations of late potentials. The quantified beat-to-beat variability of late potentials was significantly different between patients of group 1 with slow and monomorphic ventricular tachycardia and patients with fast and polymorphic ventricular tachycardia or primary ventricular fibrillation of group 2, with respect to frequency content and localization of late potentials in relation to the end of the QRS ( Table 2 ). The spectrotemporal pattern recognition algorithm was able to demonstrate the stable localization and frequency of late potentials in group 1, and the more oscillating frequency of late potentials in group 2. In Fig. 6 , the spectrotemporal pattern recognition algorithm reveals regular late potentials from beat-to-beat in a patient with ventricular tachycardia and illustrates the alternating characteristics or periodic appearance concerning localization in relation to the end of the QRS complex in two patients with ventricular fibrillation.
Discussion
The time varying characteristics of ventricular late potentials were recognized years ago [8, [16] [17] [18] [29] [30] [31] [32] . However, up to now there has been no reliable bedside method to investigate it. The system provides useful beat-to-beat information for risk stratification of patients prone to malignant ventricular arrhythmias, especially fast and polymorphic ventricular arrhythmias or ventricular fibrillation.
Advantages of the spectrotemporal pattern recognition algorithm in single beat analysis
Surface recordings of late potentials corresponding to intracardiac fragmented electrocardiograms [33] are in the
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Eur Heart J, Vol. range of microvolts [15] [16] [17] 29, 30] and highly limited due to different types of noise [16] [17] [18] [29] [30] [31] [34] [35] [36] . Therefore, up to now signal averaging has been a necessary prerequisite to minimize noise interference for surface late potential analysis. However, this is unpredictable in cases of variable signals [18] . In contrast, the spectrotemporal pattern recognition algorithm does not affect the original recordings by averaging or filtering and yet allows a beat-to-beat analysis in a normal clinical environment. The main idea is to recognise the typical spectral pattern of late potentials, as demonstrated in registrations after signal averaging within the spectrotemporal maps of single beat recordings by a two-dimensional correlation [26] . A spectrotemporal mapping template is therefore always necessary. Spectral analysis characterizes delayed ventricular activation through a higher frequency than the otherwise low-frequency ST segment, whereas noise is equally distributed throughout all segments [19, 20, 24] . The spectrotemporal pattern recognition algorithm attenuates spectral components present in all data segments and enhances components emerging only at the end of the QRS complex. This results in a multiplication of the properties of signal-to-noise differentiation of spectrotemporal mapping. The spectrotemporal pattern recognition algorithm therefore correlates well with analysis after signal averaging in patients with monomorphic slow ventricular tachycardia, in those without ventricular arrhythmic events and in healthy individuals. Moreover, it enables an appropriate measurement of the frequency and duration of late potentials that appear to be different in patients with a history of monomorphic ventricular tachycardia and ventricular fibrillation. Finally, it offers the unique possibility to study the impact of late potential variability on risk stratification of patients after myocardial infarction. High resolution electrocardiography has already shown that late potentials are variable signals [16] [17] [18] 30] sometimes alternating with a Wenckebach conduction pattern [37] . By using the spectrotemporal pattern recognition algorithm, late potentials in patients with a history of fast polymorphic ventricular tachycardia or ventricular fibrillation were clearly shown to have higher beat-to-beat variability in localization and frequency than patients with monomorphic slow ventricular tachycardia. This may be one reason for the lower incidence of late potentials in these patients after signal averaging. Our results confirm the results of technically difficult high resolution electrocardiograms, emphasizing the prospective power of variable late potentials [17] . Measurement of the duration of late potentials might be important for post-infarction risk stratification [38] , since late potential duration was longer in patients with ventricular arrhythmias than in normals and in patients without arrhythmic events. When highly sophisticated autoregressive methods were used, analysis of averaged beats revealed similar results [39] . 
Limitations of the study
Four percent late potential positive findings in single beats of healthy subjects may indicate that abnormal conduction may occasionally take place even in normal hearts, but this hypothesis is not substantiated by intracardiac registrations. In these cases the effect of residual noise on the spectrotemporal pattern recognition algorithm needs to be considered since the high-gain electrocardiogram has been shown to be very stable in normal subjects [17, 18, 30] . In this study, we describe a new method for single-beat analysis of late potentials. This was compared to conventional techniques using signal averaging. However, signal averaging is not a true gold standard for validation of new techniques. Standards for the amount of noise reduction and the number of averaged QRS complexes have not been established [23] , although it is known that only a few changes in these parameters are able to markedly influence sensitivity and specificity [22] . This methodological fact should also be considered when discussing the low incidence of late potentials after signal averaging in patients after ventricular fibrillation. Delayed ventricular activation most probably occurs in the pre-infarct zone of every patient after myocardial infarction. It is unknown what amount of delayed activation is necessary to be a prognostic marker for arrhythmic events. Furthermore, late potentials are only an indirect parameter of arrhythmogenic events, since the area of slow conduction during sinus rhythm is not closely linked to the reentrant pathway during ventricular tachycardia [40] . Thus, superior to the comparison with data after signal averaging, the only acceptable evaluation would be a statistical correlation between the parameters of the test and patient outcome in a prospective study.
Clinical implications
The spectrotemporal pattern recognition algorithm offers the possibility of a robust and powerful analysis of single beats in a normal hospital environment. Especially in patients prone to fast, polymorphic ventricular tachycardia or ventricular fibrillation, this retrospective study shows that analysis of the beat-to-beat variability of late potentials with the spectrotemporal pattern recognition algorithm might be useful in post-infarction risk stratification. The spectrotemporal pattern recognition algorithm allows evaluation of late potentials even when a stable trigger point for averaging is not available (bundle branch block) or signal averaging is not feasible due to multiple premature contractions or pacemaker interferences. It promises a more precise investigation of functional changes that has already been described during short-term, transient conditions such as acute ischaemia [9] , a temporary increase of heart rate [10] and exercise [41] . Since the predictive accuracy of late potential analysis during sinus rhythm at rest is still low, these functional late potential analyses might offer a more accurate risk stratification of infarct patients in the future.
